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As both the bit rate required by applications on mobile devices and the4
number of those mobile devices are steadily growing, wireless access networks5
need to be expanded. As wireless networks also consume a lot of energy, it6
is important to develop energy-efficient wireless access networks in the near7
future. In this study, a capacity-based deployment tool for the design of energy-8
efficient wireless access networks is proposed. Capacity-based means that the9
network responds to the instantaneous bit rate requirements of the users ac-10
tive in the selected area. To the best of our knowledge, such a deployment11
tool for energy-efficient wireless access networks has never been presented12
before. This deployment tool is applied to a realistic case in Ghent, Belgium13
to investigate three main functionalities incorporated in LTE-Advanced: car-14
rier aggregation, heterogeneous deployments, and Multiple-Input Multiple-15
Output (MIMO). The results show that it is recommended to introduce fem-16
tocell base stations, supporting both MIMO and carrier aggregation, into the17
network (heterogeneous deployment) to reduce the network’s power consump-18
tion. For the selected area and the assumptions made, this results in a power19
consumption reduction up to 70%. Introducing femtocell BSs without MIMO20
and carrier aggregation can already result in a significant power consump-21
tion reduction of 38%.22
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1. Introduction
The number of mobile devices such as tablet PCs (Personal Computers), laptops,23
and smartphones clearly gives a boost to the growth of wireless access networks. Not24
only the number of devices has its influence on the traffic load on wireless access net-25
works, but also the type of applications running on these devices. Streaming music26
and video, making video calls, visiting social network sites on the go, etc. require27
higher bit rates than an ordinary phone call. The use of these high-bandwidth ap-28
plications results in the expansion of today’s wireless access networks [Cisco, 2012].29
However, wireless access networks, and more specifically the Base Stations (BSs) of30
these networks, currently already consume a large amount of power [Deruyck et al.,31
2012a]. Therefore, it is important to develop energy-efficient wireless access networks32
in the near future [Deruyck et al., 2012a; Marsan et al., 2010; Koutitas , 2010].33
In this paper, a deployment tool is proposed for the design of future energy-efficient34
wireless access networks that will respond to the instantaneous bit rate required by35
the users active in the considered area. Therefore, 3D geometrical data of the envi-36
ronment is taken into account. New techniques such as a combination of femtocell37
and macrocell base stations are applied in this tool. To the best of our knowledge,38
such a deployment tool for wireless access networks has never been presented be-39
fore. In [Marsan et al., 2010; Couta da Silvia et al., 2012], a similar approach is40
investigated but only for dense WLANs (Wireless Local Area Networks). Based41
on this deployment tool, three main features incorporated in LTE-A (Long Term42
Evolution-Advanced) are investigated: carrier aggregation (CA) whereby the bit43
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rate is increased by letting the base station transmit at multiple carriers up to a44
total bandwidth of 20 MHz to the users, heterogeneous networks whereby macrocell45
and femtocell base stations can be mixed in one network, and MIMO (Multiple-Input46
Multiple-Ouput) which in this case will be used to enhance the coverage of the base47
station by using multiple antennas on one base station (spatial diversity). In [Deruyck48
et al., 2013] only one single base station was investigated, while in this investigation49
the influence on the power consumption and energy efficiency of the whole network is50
investigated. The deployment tool is applied for a dynamic LTE-Advanced deploy-51
ment at 2.6 GHz in a suburban area in Ghent, Belgium.52
The outline of this paper is as follows: Section 2 discusses the deployment tool. In53
Section 3 the energy efficiency metric is defined and Section 4 presents the results54
obtained with the deployment for the three features incorporated in LTE-Advanced.55
2. Design tool for energy-efficient wireless access networks based on
required capacity
As mentioned above, the developed tool will respond to the actual requests of users56
for a certain bit rate. In the first phase, realistic traffic will be generated. In the57
second phase, the actual network will be developed.58
2.1. Phase 1: generating traffic
As traffic usually varies during the day, traffic will be simulated for different time59
intervals. For each time interval, the maximum number of simultaneous active users60
is determined, along with the location of each user and his or her requested bit rate.61
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This data is collected in a file for each time interval. To provide this data, a number62
of distribition functions are combined as shown in Fig. 1:63
• User distribution: the user distribution determines the maximum number of64
users that are simultaneously active for a certain time interval. This depends of65
course on the population density of the considered area as shown in Fig. 1. The bar66
graph in Fig. 2 shows the evolution of the maximum number of simultaneous active67
users during the day. These data is obtained from processing measurements [Deruyck68
et al., 2012b]. [Joseph et al., 2010] and [Gati et al., 2009] confirm these results.69
• Location distribution: the location distribution determines for each user individ-70
ually the location of the user within the considered area.71
• Bit rate distribution: the bit rate distribution determines for each user individ-72
ually the bit rate that the user requests. For a certain time stamp, a part of the73
users are making a voice call requesting 64 kbps and the other part of the users are74
transferring data requesting 1 Mbps. The voice users are indicated in dark blue in75
Fig. 2, while the data users are indicated in light blue.76
The information saved in the traffic file(s) is then used in the next phase to cre-77
ate an energy-efficient network. Due to the distributions described above, multiple78
simulations need to be executed for each time interval. To determine how many simu-79
lations are needed, we performed up to 70 simulations and determined the estimated80
mean of the power consumption as a function of the number of simulations. Based81
on this function, we determined how at least necessary to obtain a good estimation82
of the mean. A number of 40 simulations was obtained. For each time interval, 4083
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traffic files will thus be generated and the median value is considered [Kutner et al.,84
2005]. For each traffic file, a network topology will be created.85
2.2. Phase 2: creating the network
Once the traffic files are composed (phase 1 of the algorithm), a network can be86
created for each time interval and each traffic file following the procedure shown in87
Fig. 3. In addition to the traffic files, a file providing information with the locations88
of the BSs is also needed, together with a shape file providing information about the89
environment and buildings of the considered area. For each time interval and each90
traffic file (Steps 1 and 2 in Fig. 3), a network will be designed. In the end, we will91
have 960 networks (= 24 time intervals and 40 simulation cases per time interval).92
The algorithm tries to cover each user for the considered time interval and simulation93
case (Step 3). The next steps will thus be repeated up to maximum m times with m94
= the maximum number of simultaneous active users for that time interval. First, it95
is checked if the user can be served by a BS that is already enabled (Step 4) as it is the96
most energy-efficient to connect users to existing BSs instead of enabling new BSs to97
the network. The user will be connected to the BS from which the user experiences98
the lowest path loss (which has to be lower than the maximum allowable path loss to99
which a transmitted signal can be subjected while still having a sufficient quality at100
the receiver side to offer the bit rate requested by the user. To determine the path101
loss, the straight line between the user and the BS is determined. The information102
provided in the shape file with the 3D data about the environment tells if there is103
any building obstructing this line. If so, the Walfish-Ikegami (WI) non-Line-of-Sight104
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(nLoS) model is used, otherwise the WI Line-of-Sight (LoS) model [COST Action105
231 , 1999] is applied. Furthermore, each user is assigned a certain shadowing margin106
by using a normal distribution with σ equal to the standard deviation of the used107
propagation model. If it is not possible to connect the user with an already enabled108
BS, the algorithm will check if it is possible to connect the user by enabling a disabled109
BS (Step 5). The following condition needs to be fulfilled, just as connecting with110
an already enabled BS: the path loss experienced by the user needs to be lower than111
the maximum allowable path loss to offer the bit rate requested by the user and as112
low as possible. All disabled BSs will be investigated and if a BS is found so that113
the condition above is satisfied, this BS will be enabled. Note that also the input114
power of the BS (which directly influences the power consumption of the BS) and the115
modulation scheme are tuned to cover the highest possible number of users with a116
minimal power consumption [Deruyck et al., 2010]. Furthermore, the algorithm will117
check if users already connected by other BSs can be transferred to this BS (Step 6),118
because they might experience a lower path loss from this BS. If this is the case, it119
is checked whether the input power of the BS from which the user is removed can be120
reduced.121
If no BS can be enabled or all BSs are already enabled, the user can not be served.122
3. Energy efficiency of the wireless access network
First, the absolute power consumption value will be calculated to compare the pro-123
posed networks. Second, to make a fair comparison of the performance of the different124
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networks, the energy efficiency is defined as follows (in (km2· Mbps)/W) [Deruyck125
et al., 2013]:126
127
EE =
A · U ·
∑
n
i=1
Bi
∑
n
i=1
Pi
(1)
with A the area covered by the network (in km2), U the number of served users,128
n the number of the base stations in the network, Bi the bit rate of base station129
i (in Mbps), and Pi the power consumption of base station i (in W). The energy130
efficiency metric takes the most important performance metrics into account. Here,131
the covered geometrical area, the number of served users, the bit rate offered by the132
network, and, of course, the power consumption is taken into account. The capacity133
offered by the network is considered instead of the bit rate required by the users134
as the capacity offered by the network can be equal or (slightly) higher than the135
sum of the bit rates required by the users. Furthermore, the capacity offered by the136
network is representative for the network, while the bit rate required by the users is137
representative for the user behavior rather than for the network. The metric defined138
here is a combination of three already existing energy efficiency metrics which define139
the energy efficiency as the covered geometrical area when consuming 1 W power A
Pel
140
as defined in [Correia et al., 2010], the number of served users when consuming 1 W141
power U
Pel
as proposed in [Baliga et al., 2011; Vereecken et al., 2011], and the bit rate142
offered when consuming 1 W power B
Pel
as in [Correia et al., 2010; del Apio et al.,143
2011]. Note that other algebraic compositions are possible to combine these metrics144
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into one metric than the one proposed in Eq. (1). Another composition will result of145
course in other absolute values. However, the purpose of the metric in this paper is to146
define which scenario performs the best. Which algebraic composition is used is thus147
of minor importance as long as the relative results remain the same. Furthermore,148
each parameter in the metric is here of equal importance in order to make a fair149
comparison between the different scenarios. If a higher importance is allocated to150
one parameter, scenarios that influence that parameter will be advantaged.151
The higher EE, the better the network performs in terms of energy efficiency. When152
a higher coverage and/or higher capacity and/or higher number of covered users is153
obtained by the network for the same power consumption, the nominator of Eq. (1)154
will become higher which will result in a higher value for the energy efficiency metric155
compared to the network that offers a lower coverage and/or lower capacity and/or156
a lower number of covered users for the same power consumption.157
4. Results
4.1. Selected area and simultaneous active users
For this study, an outdoor suburban area of 6.85 km2 in Ghent, Belgium is selected158
which is shown in Fig. 4. The possible locations (75 locations) for the base stations159
are indicated by red squares and are existing locations from Belgian mobile operators.160
The users are uniformly spread over the area of interest which results in equidistant161
discrete samples in both x and y direction. Note, that for another area e.g., an area162
with a mixture of suburban and rural parts, a different approach could be used as163
the user density in the suburban part will be higher than in the rural part.164
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The maximum number of simultaneous active (voice and data) users per hour over165
one day in the considered area is shown in Fig. 2. Note that for all simulations for a166
certain time interval and for each scenario, the number of simultaneous active voice167
and data users will be the same. Although these users are uniformly distributed over168
the considered area, the requested bit rate at each location will vary from simulation169
to simulation, depending on which type of user (voice or data) is located on that170
location. Due to this fact, 40 simulations are necessary to obtain a good estimation171
of the expected value of the different parameters as mentioned above. Note that this172
number of simulations only applies to the selected scenario. For a different scenario173
(for e.g. with three different bit rates), more simulations will need to be performed.174
4.2. Assumptions
Table 1 gives an overview of the chosen value for the different parameters of the175
LTE-Advanded link budget. We consider an LTE-Advanced network at 2.6 GHz.176
When applying MIMO, an additional gain, the MIMO gain, is taken into account177
and is calculated as follows:178
179
G = 10 · log(NTx ·NRx) (2)
with NTx the number of transmitting antennas and NRx the number of receiving180
antennas. Note that this MIMO gain corresponds with the theoretical MIMO gain181
which might be an overestimation for some realistic cases. To determine the power182
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consumption (PC) of a base station, the power consumption model of [Deruyck et al.,183
2012a] is used.184
4.3. Reference scenario
The reference scenario used in this study is the scenario whereby the developed185
networks consist of only macrocell base stations not supporting carrier aggregation186
nor MIMO. All the results will be presented as the 50th and 95th percentile calculated187
over the 40 simulations. As the network responds to the instantaneous bit rate188
requirements of the users active in the area, the number of selected base stations in189
the network will vary during the day, resulting in a varying power consumption, and190
thus energy efficiency, of the network. Fig. 5 shows the evolution of both the power191
consumption (left blue axis) and the energy efficiency (right red axis) during the day192
for both the 50th and the 95th percentile. The power consumption is the highest193
during daytime (from 10 a.m. till 8 p.m.). The energy efficiency reaches its highest194
level around 5 p.m. when the highest number of users is active in the network. On195
the other hand, the energy efficiency is the lowest around 3 a.m. to 4 a.m. when the196
lowest number of users is active in the network. Although the power consumption197
is higher around 5 p.m. than around 3 a.m. to 4 a.m., a higher energy efficiency is198
obtained due to better performance of the network (higher offered capacity, higher199
number of users served, and a higher coverage). Fig. 6 shows the network obtained200
from one simulation case for four different time intervals during the day. The red201
squares indicate the location of the base stations, while the blue triangles indicate202
the location of the users. For the networks at 12 a.m. and 6 p.m., of course much203
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more active BSs are required than at 12 p.m. and 6 a.m. because of the higher204
number of active users (Fig. 6). Note that for each time interval, 40 simulations will205
be performed and thus 40 networks will be designed for each time interval. From206
now on, only two time intervals will be considered: the 4-5 a.m. time interval with207
the lowest number of active users (i.e, 14 users) and the 5-6 p.m. time interval with208
the highest number of active users (i.e., 224 users). The results will be presented209
as the 50th (p50) and 95
th (p95) percentile calculated over the 40 simulation cases for210
each time interval. For each considered time interval, the standard deviation σPC211
and σEE and the confidence intervals CIPC and CIEE of the power consumption,212
respectively the energy efficiency, calculated over the 40 simulations is given. σPC213
is between 0.5 kW and 4.2 kW for the 4-5 a.m. time interval and between 1.4 kW214
and 6.1 kW for the 5-6 p.m. time interval which amounts to approximately 10% of215
the obtained p50 value due to the considered distributions (user, location, and bit216
rate distribution). Furthermore, the power consumption reduction and the energy217
efficiency improvement compared to the reference scenario will be determined for218
each scenario.219
4.4. Carrier aggregation (CA)
Tables 2 and 3 show the results for both the power consumption (PC) and the220
energy efficiency (EE) for the two selected time intervals i.e., 4 a.m. to 5 a.m. (low-221
est number of active users) and 5 p.m. to 6 p.m. (highest number of active users),222
respectively when applying carrier aggregation compared to the reference scenario.223
2 up to 5 carriers of 5 MHz are aggregated in this comparison and only macrocell224
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BSs are considered. When carrier aggregation is applied, multiple carriers are sent225
to the user to increase the bandwidth and thus the bit rate [Dahlman et al., 2011].226
However, possible drawbacks of carrier aggregation are: the vulnerability to loss in227
the throughput, interference coordination, the incompatibility with user equipment,228
etc.229
The impact of introducing carrier aggregation on the BS’s power consumption is neg-230
ligible as it corresponds in practice to a multicarrier (not aggregated) configuration231
that is already supported by LTE or to a base station supporting multiple frequency232
bands [Dahlman et al., 2011]. Figs. 7 and 8 give an overview of the individual param-233
eters (number of active base stations (a), network power consumption (b), number of234
users served by the network (c), and the capacity offered by the network (d)) for the235
two selected time intervals. As CIEE do not overlap, it is concluded that the more236
carriers are aggregated, the more energy-efficient the solution becomes. Aggregating237
5 carriers results for the considered case in an EE improvement of 400% (Tables 2238
and 3, for both p50 and p95) due to the fact that a higher number of aggregated239
carriers results in a higher offered bit rate per BS for the same BS power consump-240
tion (CIPC is approximately the same for the considered CAs) and thus in a higher241
network capacity (Figs. 7 (d) and 8 (d)). When aggregating two 5 MHz carriers, the242
capacity offered by the network multiplies by approximately 2, analogously when ag-243
gregation 5 carriers the capacity offered by the network multiplies by approximately244
5. For all considered scenarios, all users active in the selected area are covered for245
the 4-5 a.m. time interval and 97% for the 5-6 p.m. time interval (Figs. 7 (a) and 8246
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(a)). For the 5-6 p.m. time interval, 3% of the users can not be covered, because the247
locations where new base stations can be illuminated are limited, and the path loss248
experienced by the user from base stations on these locations is not lower than the249
maximum allowable path loss (Section 2).250
For the selected area, carrier aggregation does not result in a lower power consump-251
tion. The same number of base stations (13 for 4-5 a.m. (Fig. 7 (a) and 27 for252
5-6 p.m. (Fig. 8 (a)) is used for the different scenarios where CA is applied as for253
the reference scenario because the capacity per BS is not the most limiting factor to254
develop the network but the range per BS.255
4.5. MIMO
The second feature that is investigated is MIMO. Tables 2 and 3 also list the256
values for the power consumption and the energy efficiency compared to the reference257
scenario for the 4-5 a.m. and the 5-6 p.m. time interval respectively. Three different258
cases are studied: SISO (Single-Input Single-Output) which corresponds with the259
reference scenario, 4x4 MIMO, and 8x8 MIMO. Spatial diversity is used, so a higher260
range will be obtained when applying MIMO. Figs. 7 and 8 give again an overview261
of the individual parameters for the two selected time intervals. The results for the262
EE parameter in Tables 2 and 3 show that for the selected area, MIMO does not lead263
to a higher EE.264
For the 4-5 a.m. interval, EE is decreased with 17% to 22% when taking the p50265
and p95 values into account compared to the reference scenario. However, CIEE for266
the reference scenario and 4x4 MIMO overlay significantly. Therefore, it is concluded267
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that the EE remains the same for this case. For the 5-6 p.m. interval, a decrease with268
47% (p95) to 49% (p50) is obtained with non-overlaying CIEE which means that the269
energy efficiency for this time interval is effectively decreased. For 8x8 MIMO, these270
reductions are even higher: 44% (p95) to 51% (p50) for the 4-5 a.m. interval and 67%271
(p50) to 69% for the 5-6 p.m. interval. No overlap is found between the CIEE, thus272
in general it is concluded that the energy efficiency for the considered case decreases273
when applying 8x8 MIMO. As applying MIMO results in a higher range per BS, fewer274
BSs are needed to cover all the users in the area (Figs. 7 (a & c) and 8 (a & c)) and275
thus less capacity is available in the network (Figs. 7 (d) and 8 (d)) resulting in a276
lower energy efficiency, despite the fact that the network consumes less power. When277
using 4x4 MIMO, the number of used BSs is reduced by 43% (p95) to 54% (p50) and278
59% (p50) to 61% (p95) for the 4-5 a.m. and 5-6 p.m. interval respectively, resulting279
in approximately the same reduction in network capacity. When using 8x8 MIMO,280
the number of BSs is even further reduced compared to the reference scenario: by281
57% (p95) to 69% (p50) and 64% (p95) to 66% (p50) for the 4-5 a.m. and 5-6 p.m.282
interval respectively, resulting also in approximately the same reduction in network283
capacity. The power consumption reduction for 4x4 MIMO amounts even up to 18%284
(p95) for the 5-6 p.m. interval compared to the reference scenario (although the CIPC285
slightly overlap) as fewer BSs are needed in the network (Figs. 7 (a) and 8 (a)). For286
8x8 MIMO, there is no power consumption reduction although even fewer BSs are287
used (Figs. 7 (a) and 8) than for the 4x4 MIMO scenario. This is due to the fact288
that the extra power consumption needed to support the 8 antennas is too high. The289
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CIEE for this case is also significantly higher than for the reference and 4x4 MIMO290
scenario.291
Note that we assumed that the unselected BSs consume no power, so the considered292
case is an ideal situation. The obtained energy efficiency and power consumption293
gains are very dependent on the considered power consumption during sleep mode.294
4.6. Heterogeneous deployments
In this section, the influence on the power consumption and energy efficiency of295
introducing femtocell BSs in the network is studied. The results for these parameters296
compared to the reference scenario are listed in Tables 2 and 3 for the 4-5 a.m. and297
the 5-6 p.m. time interval, respectively. Five different scenarios are investigated:298
(i) the network consisting of only macrocell BSs without CA and MIMO (i.e., the299
reference scenario), (ii) the combination of macrocell and femtocell BSs both not sup-300
porting CA and MIMO, (iii) the combination of macrocell and femtocell BSs where301
the femtocell BS supports 4x4 MIMO (spatial diversity), (iv) the combination of302
macrocell and femtocell BSs where the femtocell BS aggregates 5 carriers of 5 MHz,303
and (v) the combination of macrocell and femtocell BSs where the femtocell BS sup-304
ports both CA and MIMO. Tables 2 and 3 show that introducing femtocell BSs in305
the network has a high influence on the energy effciency. When introducing femtocell306
BSs without CA and MIMO, an EE improvement of 66% (p95) is obtained for the307
4-5 a.m. interval and 149% (p50) to 160% (p95) for the 5-6 p.m. interval. This is due308
to the lower power consumption of the femtocell BS compared to the macrocell BS is309
significantly lower (12 W versus 1674 W) resulting in a network power consumption310
D R A F T August 8, 2014, 10:37am D R A F T
DERUYCK ET AL.: REDUCING THE POWER CONSUMPTION IN LTE-ADVANCED NETWORKS17
reduction (Tables 2 and 3, non-overlapping CIPC) of 35% (p50) to 38% (p95) for the311
4-5 a.m. time interval and 3% (p50) to 7% (p95) for the 5-6 p.m. time interval com-312
pared to the reference scenario, although a higher number of BSs is used (Figs. 7 (a)313
and 8 (a)). For the 5-6 p.m. time interval, the number of used BSs is increased by314
123% (p95) to 145% (p50), while the number of used BSs is the same for the 4-5 a.m.315
time interval as for the reference scenario to cover the same number of users (i.e.,316
100% for the 4-5 a.m. interval and 97% for the 5-6 a.m. interval (Figs. 7 (a) and317
8 (a)). Note, that collection of used BSs consists of both macrocell and femtocell318
BSs, while this collection consists only of macrocell BSs for the reference scenario.319
Furthermore, this large number of BSs also provides a higher network capacity thus320
resulting in a higher energy efficiency (non-overlapping CIEE). For the 5-6 p.m. in-321
terval, the network capacity increases by 124% (p95) to 146% (p50) compared to the322
reference scenario. For the 4-5 a.m. interval, the increase is only 0.3% (for both p50323
and p95) compared to the reference scenario as the number of BSs is the same as for324
the reference scenario.325
Comparing the scenario with MIMO and the scenario with CA shows that intro-326
ducing femtocell BSs supporting MIMO influences the power consumption the most.327
CIPC when using MIMO is significantly lower than when using CA. Furthermore,328
the CIPC when using CA is similar to the CIPC when using femtocell BSs without329
supporting MIMO or CA. A reduction of 68% (p50) to 70% (p95), respectively 17%330
(p50) to 22% (p95), is obtained for the scenario with femtocell BSs supporting MIMO331
for the 4-5 a.m., respectively the 5-6 p.m. time interval, versus 35% (p95) to 38%332
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(p50) respectively 4% (p50) to 7% (p95) for the scenario with femtocell BSs supporting333
CA (Tables 2 and 3). Due to MIMO, the range of the femtocell BSs is increased and334
more femtocell BSs (with a lower power consumption) than macrocell BSs are used335
although the total number of used BSs does not decrease (Figs. 7 (a) and 8 (a)). In336
contrary, introducing femtocell BSs supporting CA influences the energy efficiency337
most. An energy efficiency improvement of 760% (p50) to 799% (p95), respectively338
133% (p50) to 348% (p95), is found for the 4-5 a.m. and 5-6 p.m. time interval versus339
200% (p50) to 221% (p95) and 218% (p50) to 309% (p95) when introducing femtocell340
BSs supporting MIMO (Tables 2 and 3). The CIEE differs significantly between the341
different scenarios. As CA increases the capacity per BS (Section 4.4), the overall342
capacity of the network increases, resulting in a high energy efficiency.343
The best results are obtained when introducing both CA and MIMO. For this sce-344
nario, the consumed power is similar as for the scenario when supporting only MIMO345
as CIPC overlaps significantly, but the energy efficiency improvement is much higher346
(CIEE is significantly higher) when supporting both MIMO and CA (1123% for p50347
to 1579% for p95) as supporting CA results in a higher capacity per BS and MIMO348
in a higher range per BS.349
In general, the highest gains (both power consumption (70% for p95) and energy effi-350
ciency (1579% for p95)) are obtained for the time interval with the lowest number of351
active users.352
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5. Conclusion
A capacity based deployment tool for energy-efficient wireless access networks is353
proposed. The tool takes the instantaneous bit rate requirements of the user into354
account. Appropriate distributions are combined in order to simulate realistic traffic.355
Based on this tool, the influence on the power consumption and energy efficiency of356
three main functionalities (carrier aggregation, MIMO, and heterogeneous networks)357
of the LTE-Advanced standard are investigated for a realistic case in Ghent, Bel-358
gium. An appropriate power consumption model for LTE-Advanced macrocell and359
femtocell base stations is used as well as an appropriate energy efficiency metric to360
compare different scenarios. The highest power consumption reduction and energy361
efficiency improvement is obtained when applying the three features together i.e.,362
a heterogeneous network whereby the femtocell base station supports both carrier363
aggregation (5 carriers of 5 MHz) and 4x4 MIMO. A power consumption reduction364
up to 70%, respectively 21%, is obtained for the time interval with the lowest, re-365
spectively highest, number of users compared to the macrocell only network without366
MIMO and carrier aggregation. Adding femtocell base stations without MIMO and367
carrier aggregation can already reduce the power consumption significantly: up to368
38% (busiest time interval), respectively 7% (least busiest time interval), compared369
to the macrocell only network without MIMO and carrier aggregation. Furthermore,370
introducing femtocell base stations only supporting carrier aggregation has the high-371
est influence on the energy efficiency, while introducing femtocell base stations only372
supporting MIMO has the highest influence on the power consumption.373
D R A F T August 8, 2014, 10:37am D R A F T
20DERUYCK ET AL.: REDUCING THE POWER CONSUMPTION IN LTE-ADVANCED NETWORKS
Based on this study, it is recommended for future wireless access networks to take the374
advantage of the LTE-Advanced incorporated features, especially the introduction of375
femtocell base stations, to reduce the power consumption of the network.376
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Figure 1. Flow diagram of phase 1 ’generating traffic’ of the capacity-based deployment
tool for designing energy-efficient wireless access networks.
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Figure 2. Maximum number of simultaneous active users during the day (bar graph)
versus number of users served (50th percentile) by developed networks for the reference
scenario.
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Figure 3. Flow-graph of phase 2 ’creating the network’ of the capacity based deployment
tool for designing energy-efficient wireless access networks.
D R A F T August 8, 2014, 10:37am D R A F T
26 DERUYCK ET AL.: REDUCING THE POWER CONSUMPTION IN LTE-ADVANCED NETWORKS
Figure 4. The selected suburban area of 6.85 km2 in Ghent, Belgium.
D R A F T August 8, 2014, 10:37am D R A F T
DERUYCK ET AL.: REDUCING THE POWER CONSUMPTION IN LTE-ADVANCED NETWORKS 27
0 5 10 15 20 25
62
64
66
68
70
72
74
76
78
Time [−]
Po
w
er
 C
on
su
m
pt
io
n 
[kW
]
 
 
0
1000
2000
3000
4000
5000
6000
7000
8000
En
er
gy
 e
ffi
cie
nc
y 
[(k
m2
⋅
 
M
bp
s)/
W
]
Power consumption 50th percentile
Power consumption 95th percentile
Energy efficiency 50th percentile
Energy efficiency 95th percentile
Figure 5. Evolution during the day of the 50th and 95th percentile of the power con-
sumption (blue left axis) and energy efficiency (red right axis) for the reference scenario.
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Figure 6. Overview of the network obtained by one simulation for different time intervals
during the day (red square = base station location, gray circle = range of the base station,
and blue triangle = user location).
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Table 1. Link budget table for a macrocell and femtocell base station [Deruyck et al.,
2011a, b].
Parameter Macrocell BS Femtocell BS
Frequency [MHz] 2600 2600
Maximum input power BS antenna [dBm] 43 33
Antenna gain BS [dBi] 18 4
Antenna gain mobile station [dBi] 0 0
Soft handover gain [dB] 0 0
Feeder loss BS [dB] 0 0
Feeder loss mobile station [dB] 0 0
Fade margin [dB] 10 10
Interference margin [dB] 2 2
Receiver SNR [dB] [-1.5, 3, 10.5, 14, 19, 23, 29.4]1 [-1.5, 3, 10.5, 14, 19, 23, 29.4]1
Number of used subcarriers 301 301
Number of total subcarriers 512 512
Bandwidth [MHz] 5 5
Noise figure mobile station [dB] 8 8
Implementation loss mobile station [dB] 0 0
Yearly availability 99.995% 99.995%
MIMO BS 1,4,8 1,4,8
MIMO mobile station 1,4,8 1,4,8
coverage requirement 90% 90%
(3) [1/3 QPSK, 1/2 QPSK, 2/3 QPSK, 1/2 16-QAM, 2/3 16-QAM, 4/5 16-QAM, 1/2 64-QAM, 2/3 64-QAM]
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Table 2. Comparison of the power consumption and energy efficiency for the time
interval 4 a.m. to 5 a.m. for the different scenarios and difference with respect to the
reference scenario.
Scenario PC σPC CIPC EE CIEE σEE ∆PC ∆EE
p50/p95 p50/p95 p50/p95 p50/p95
[kW] [kW] [kW] [(km2 ·Mbps)/W ] [(km2 ·Mbps)/W ] [(km2 ·Mbps)/W ] [%] [%]
Reference 16.2/17.2 0.6 16.2 ± 0.2 439.1/456.2 341.3 ± 29.6 114.1 —/— —/—
CA 2x5 MHz 16.2/17.2 0.7 15.9 ± 0.2 496.7/906.4 597.0 ± 51.6 199.2 0/0 13.1/98.7
CA 3x5 MHz 16.3/17.2 0.7 16.2 ± 0.2 1302.5/1363.8 1028.0 ± 87.7 338.3 0.6/0 196.6/198.9
CA 4x5 MHz 16.2/17.2 0.8 16.0 ± 0.2 988.7/1818.5 1259.0 ± 114.1 440.1 0/0 125.2/298.6
CA 5x5 MHz 16.3/17.2 0.7 16.3 ± 0.2 2214.3/2275.2 1744.5 ± 147.7 569.8 0.6/0 404.3/398.7
MIMO 4x4 15.7/19.4 2.2 15.7 ± 0.6 342.4/379.2 340.0 ± 6.7 25.7 3.1/-12.8 -22.0/-16.9
MIMO 8x8 18.4/25.7 4.2 17.7 ± 1.1 216.8/255.0 222.2 ± 5.4 20.7 -13.5/-49.4 -50.6/-44.1
Femto 10.1/11.2 0.7 10.1 ± 0.2 336.7/755.1 471.8 ± 52.6 202.9 37.7/34.9 -23.3/65.5
Femto MIMO 5.2/5.2 0.5 4.9 ± 0.1 1396.0/1867.4 1435.6 ± 87.6 337.9 67.9/69.8 217.9/309.3
Femto CA 10.0/11.2 0.8 10.1 ± 0.2 1022.5/2044.9 1221.3 ± 134.6 519.1 38.3/34.9 132.9/348.2
Femto CA MIMO 5.2/5.2 0.6 4.8 ± 0.2 5370.1/7657.7 5852.4 ± 406.4 1567.2 67.9/69.8 1123.0/1578.6
PC = Power Consumption, σPC = standard deviation of PC, CIPC = confidence interval of PC, ∆PC = relative PC
reduction, EE = energy efficiency, σEE = standard deviation of EE, CIEE = confidence interval of EE,
∆EE = relative EE gain.
Table 3. Comparison of the power consumption and energy efficiency for the time
interval 5 p.m. to 6 p.m. for the different scenarios and difference with respect to the
reference scenario.
Scenario PC σPC CIPC EE CIEE σEE ∆PC ∆EE
p50/p95 p50/p95 p50/p95 p50/p95
[kW] [kW] [kW] [(km2 ·Mbps)/W ] [(km2 ·Mbps)/W ] [(km2 ·Mbps)/W ] [%] [%]
Reference 38.5/43.7 3.0 38.6 ± 0.8 13830/14130 13830 ± 52.5 202.5 —/— —/—
CA 2x5 MHz 39.2/43.7 2.7 39.3 ± 0.7 27756/28537 27724 ± 115.8 446.5 -1.8/0 100.7/102.0
CA 3x5 MHz 38.9/43.7 2.7 38.7 ± 0.7 41590/42514 41517 ± 162.5 626.6 -1.0/0 200.7/200.9
CA 4x5 MHz 38.8/44.4 2.5 39.0 ± 0.6 55493/57004 55484 ± 245.6 947.0 -0.8/-1.6 301.3/303.4
CA 5x5 MHz 38.3/41.9 2.3 38.5 ± 0.6 69221/70626 68983 ± 279.6 1078.4 0.5/4.3 400.5/399.8
MIMO 4x4 31.7/35.7 3.1 31.8 ± 0.8 7093.4/7515.7 7061.9 ± 80.0 308.5 17.7/18.3 -48.7/-46.8
MIMO 8x8 45.9/56.0 6.1 45.9 ± 1.6 4237.0/4695.6 4228.2 ± 69.0 266.2 -19.2/-28.1 -69.3/-66.8
Femto 37.4/40.6 2.0 37.6 ± 0.5 34415/36740 34503 ± 329.6 1271.1 2.9/7.1 148.8/160.0
Femto MIMO 31.9/33.9 1.6 31.7 ± 0.4 41534/45373 41726 ± 416.2 1604.9 17.1/22.4 200.3/221.1
Femto CA 37.1/40.5 1.9 37.3 ± 0.5 119000/127060 118990 ± 1374.2 5299.6 3.6/7.3 760.4/799.2
Femto CA MIMO 32.1/34.6 1.4 32.1 ± 0.4 154340/161450 152380 ± 1578.6 6087.9 16.6/20.8 1016.0/1042.6
PC = Power Consumption, σPC = standard deviation of PC, CIPC = confidence interval of PC, ∆PC = relative PC
reduction, EE = energy efficiency, σEE = standard deviation of EE, CIEE = confidence interval of EE,
∆EE = relative EE gain.
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Figure 7. Comparison of different parameters (number of used base stations (a), power
consumption (b), percentage of users served (c), and capacity offered by the network (d))
for the time interval 4 a.m. to 5 a.m. for the different scenarios.
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Figure 8. Comparison of different parameters (number of used base stations (a), power
consumption (b), percentage of users served (c), and capacity offered by the network (d))
for the time interval 5 p.m. to 6 p.m. for the different scenarios.
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